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Abstract
a) Since start of projects
From September 15, 1952, when this project started, until
December 31, 1952, research equipment was made, incorporated into
the present set—up and was calibrated.
b) During current report periods

The response magnitude and the latency of the retinal action
potential elicited by a single flash of light has been determined
for a wide range of light intensities and flash durations for
grasshopper eyes., The respense magnitude considered as a function
of the logarithm of the flash duration, for a single intensity,
exhibits for flashes of short duration a slowly rising phase,

a linear rising phase at intermediate duraticns and a pleateau
region for the longest flashes, The latency of the response is,
for a single flash duration, a decreasing linear function of the
logarithm of the light intensity as the intensity increases cver
most of the intensity range used in the experiments, As the flash
duration becemes less than the latent period; for a constant
irntensity, the latency increases very slowly.

The experimental results can be described on the basis ef
a two factor theery which has been developed to correlate them,
One factor which is generated when the light sensitive substance
is exposed to i1llumination 1g responsible, after the lapse of the
latent period, for the magnitude of the electrical resgonse, The
second factor or state whose generation is initiated by the light,
but which is procduced autocatalytically thereafter determines the
latent periods The characteristics of the retinal action potential
obtained from grasshopper eyes and from the median ocellus of
Limulus are guantitatively described by the *henvr over practicelly

the entire reonge of the messurements,



The response magnitude and latency of the retinal action
potential elicited by a single flash of light has been determined
for a wide range of light intensities and flash durations for the
lateral eye of Limulus polyphemus, the horseshoe crab, and the
frog, Rana pipiens., Except for deviations from theorstical
predictions at higher intensities of stimulation, the results
agree with those from the grasshoppera

The effect of temperature on the magnitude and latency of the
retinal action potential. of the grasshopper has bzen determined.
The disparity in the temperature effect on the rssponse magnitude
and latency suggests that one process cannot conitrol both the
latency and magnitude., The effe:t of temperature on the magnitude
of the retinal action potemtial supports the theoretical conten-
tion that the rising phase of the response vs., log flash duration
plet is contrclled by a photochemical reaction and that the plateau
mngnitude is controlled by a photochemicel and a thermolabile

reaction,



I1. Plans for the future

a) Immecdiate

The effect of temperature on the reactions in photoreceptors
leading to the electrical response is sufficlently interesting
(see 1IT-c) to merit exploration in eyes other than the grasshopper.
The temperature studies are an indirect attempt to learn more about
the coupling reactions in the visual process, We are ready to
start work on the effects of various metabolites and druzs on the
vigual processe

An investigation of changes in spectral absorption of photo=
sensitive cells fonllowing short but quite bright flashes of light
will be attempeteds Such changes probably occur but whether they
are liarge enough to be measurable is not yet known. In this
connection we also wish to Investigate the time characterlstics
of the bleaching process ' 4x rhodopsin.
Long Range

There seems little doubt that two types of reactions occur
(see sections III=a, b and c¢) following illumination of photo-
receptors, one controlling the potential magnitude and one
controlling the latent periods Our long range program will be
directed along lines to identify the reactions and to understand

the reaction mechanism of the retina,



e

3

o~

III-a RETINAL ACTION POTENTIAL - THEORY AD EXFERIMENTAL
RESULTS FOR GRASSHOFFEDR LT¥B*
Ve Jo Wulff®#, W, J, Fry¥#¥ and F, As Linde **
#*Z00logy Department, Syrecuse University

###Bloacoustics Laboratory, University of Illinois

INTRODUCTION

When photoreceptors are illuminated a sequence of measurable changes occur
which are instrumental in mediating the sense of visions These changes axre: 1)
The abserption of radiant energy by a photolabile pigment or pigments and changes
in the state(s) of the pigment. (Granit, '47; Wald, ®51); 2) A potential change
measurable across the retina with extra~cellular electrodes and called the
retinal action poteniial (Hartline, Wagner and MacNichol, '52); 3) The initiation
of nerve impulses in the axons of the sense cells (Hartline and Graham, '32;
Granit, '47).

It has been frequently suggested (Hartline, 135; Wulff, !43; Granit, '47)
that the retinal action potential is a generator potential producing local
currents and initiating the trains of impulses in optic nerve axons, Recently
it has been demonstrated (MacNichol, Wagner and Hartline, !53) with an intra-
cellular electirode, that illumination causes a prolonged depolarization of the
sense cells (presumably the eccentric sense cells) in the emmatidia ef the
Limulus lateral eye and that this depolarization causes the appearance aof nerve
impulse trains. The depclarization measured with the intracellular electrode
presumably is the intracellular sign of the retinal action potential recorded
with extra-cellular electrodess Although the retinal action potential has been
proved a generator potential enly in the case of the lateral eye ef Limulus, we
subscribe to the _eneral idea that retinal actien potentials are generator
potentials,

# These studies were aided by a contract between the O0ffice ef Naval Research
and Syracuse University, NR 119-266,
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Between the photochemical event in vision and the producticn of the retinal
action potential there occur processes and/or reactions which produce the
potential change. It is the purpose of this report to describe some processes
intermediate between the photochemical absorption of radiant energy and the

retinal action potential and to compare these descriptiens with data.

Method

The experiments were performed on dark adapted grasshoppers. The animals
were securely fastened and a chamber was built about each of the two lateral
complex eyes. These chambers were filled with 0.9% NaCl solution, and each
chamber made contact with a calomel half cell through a salt bridge. The haif
cells were connected to the imput grids of a D.C. amplifier. The animal was so
placed in a plastic container that the cornea of one eye could be exposed to
a light flash admitted by the opening of a series of shutters, while the other
eye remeine? in total darkness,

The interior of the chamber was ventilated by a constant stream of air at
the teizperature of water which circulated constantly through two copper heat
exchangers built into the top and bottom of the animal chamber. Temperature
wos measured in terms of voltage developed by a copper-constantin thermocouple,
with reference to a similar junction at 0° C, using a potentiometer circeit.
Temperatures were regulated within i 0,20 C of any given value, The air inside
the chamber was appreximately saturated with water vapor.

The animal chamber was securely fastened to a movable stage inside a Faraday
cage, and the eye of the animal was oriented so that the cornea was at the focus
of the light beam. The cage was then shielded from light and the animal was
permitted to dark adapt.

Experiments werc begun after 2 to 12 hours ef dark adaptation. An interval
of one hour between flashes proved to be nccesscry to permit complete recovery
from the effects of preceding flashes, It was desirable to obtain a complete

set of data from each animal; consequently the experiments were of several days
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duration. The grasshoppers, however, were not adversely offected by the experi-
mental trentment and even after two wesks in the experimental chamber, resumed
a normal existence upon return to the colony.

Lfter the temperature had reached the desired level the experimentsl pro-
cedure consisted of adjusting the intensity of the light to the desired level,
using Wratten neutral filters, and admitting a flash of light ef 100 microseconds
duration.®* The electrical response of the photoreceptor and of a photocell, to
which a portion of the light beam had been diverted, were recorded by pens on
moving paper and by photographing the display on the face of a 2-channel cathode
ray tube., The paper receiving the ink tracing moved at 25.0 é 0,25 cm. per
second, and the sensitized paper photographing the cathode ray tube display moved
at 5.0 f D425 cne per sec, After each record the deflection produced by a pulse
of known voltage wae recorded., A perforated disk driven by a synchronous motor
past a light source supplied the time base of the camera., After an adequate
interval for dark adzptation, enother flash was admitted, Flash duration was
varied by steps of 0.5 log units from 100 micro-seccnds to 0,5 seconds. Inten-
sity was varied by a factor of 10 from 10° (unit intensity = 11,800 foot candles
at the cornea) to 1 x 1074,

Experiments were alsc performed on the isolated median ocellus of Limulus.
The technique used hos been described (Wulff and Pandazi, '51). The isolated
ocellus preparction gave reproducible responses for about 8 hours at 15° C, The
relatively short life of the preparction necessitated shortening the experimental
procedure, Consequently conmplete sets of data were not obtained from any one
preparation., Except for curtailing the procedure, the experiments were con-
ducted as on the grasshoppers,

A total of 16 experiments were performed on grasshoppers and 12 experiments

on isolated ocelli., Although all the data obtained exhibited similar relations,

- -~ . - - - - - - -

s

* The high speed shutter was designed by Frank J. Fry and assembled under his
supervision. e express our appreciation te him,
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single sets of data were selected for the text,

The measurements of magnitude and the latency were made as followss 1) The
base line was extended below the response and the points of greatest deflection
found and measured and the voltage computed; 2) The point where the tracing
could be seen to ileave the base line was marked as the end of the latent period.
and the interval from onset of illumination to this point was measured and
converted to seconds. The error has been estimated at f 10% at low intensities

or short exposures and ﬁ 5% at high intensities or long exposures.

Besults

When the eye of a grasshopper is illuminated with a short flash of light
there ensues a period of time during which nothing happens, followed by a
gradually developing negativity whizh reaches a crest and then declines (Figs 1).
IT the flash duration i maintained constant and the intensity is decreased, a
series of responses are obtained of decreasing magnitude and increasing latency.
Similar series of responses have been obtained with a variety of flash durations.

1. e _effect te and ti i inatj the retinal actio

The datz obtained from one grasshopper maintained in the dark at 30°C are
presented in Fig, 2. The dots of Fig. 2 relate peak magnitude of the retinal
action potential to the logerithm of the flash duration, measured in seconds,
at five different intensities. The response magnitudes tend to reach a constant
value at flash durations of 0,01 seconds or longer for all values of intensity.
Similar data were obtained in 15 other experiments,

The data obtained from one isolated ccellus of Iimulus are presented in
Fig. 3. The dots of Fig, 3 relate peak magnitide of the retinal action potential
(Figs 1, lowest record) to the logarithm of the flash duration. The short life
of the excised preparation limited the data obtalnable. Similar results have

beer obtained in 11 other experiments with 1solated ocelli of Limulus,
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Figs 1 A series of electrical responses recorded from the
eye of a grasshopper (Malanoplus differentialis) illuminated
with flashes of 0.1 milliseccnds duration and varying intensity.
The lowest record indicates the kind of response recorded fron
the median ocellus isolated from Limulus, The recording paper

speed for tic grasshopper records was 50 cm, per second; for

the Limulus ocellus, 25 cme per second.
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Fig. 2 The closed circles represent the maximum voltage

recorded from grasshopper eyes in respense to illuwaination with

different intensities and exposures. The curves represent the

theoretical relationship between voltoge, intensity and flash

duration given by cxpression (5) of the analysise
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Fig. 3 The closed circles represent the maximum veltage
developed by the isolated ocellus of "ILimulus in response to
illunination of varying intensity and durations As in Fig. 2,
the curves represent the theoretical relationship between

voltage, intensity and duration of 1lluaination,
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retinel action potgnitisgl.

Tine data obtained from one grasshopper maintained in the dark at 20°C are
presented in Fig. 4. The data, represented by the circles and crosses, are the
latent periods in seconds plotted as a function of the logarithm cf the intensity
for different flash durations. The latency exhibits a progressive increuse as
the intensity is decreased (see also Fig. l.)s At ony one intensity, the latency
increases as the flash duration decreases., The change in latency when the flash
duration is decreased from 0.1 sec. (flash duration greater than the latent
period) tc 0,01 sec. is very slight, For changes in flash duration from 0,01 sec.
to 0,001 sec, and from 0.0CL sec, to 0.,0001 sec. the changes in latency are
considerably greater, However, the percentage change in latency from exposures
of O.1 sece. to 0,0001L sec, is nevertheless very smell compared tc the thousandfold
change in the exposure.

Latent period measurencnts made on the records obtained from the isolated
median ocellus of Limuius exhibit the same relationships as the grasshopper data.
Discussion
1. Magnitude

The experimental results on response magnitude as a function of flash duration
and light intensity represented for examplie in IFige 2 {grasshopper} present o con=
gsistent and reproducible picture from one preparation to another. It is apparent
that a mathematical description can be checked quantitatively. The following an-
alysis yields a result which is in quantitative agreement with the experimental
observations,

The features of the data which a satisfactory theory should correlate ares
(1) a lateral disrplacement of any curve will bring it into coincidence with any
other (below the plateau region) and coincident points correspond to equal amounts
of electromagnetic energy; (2) above some value of respense (22 millivolts) and
below the plateau region the curves become straight lines; and (3) a bending over
to a constant response regicn occurs (at a relatively fixed value of the flash

duration except for the highest intensities).

- e
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Fige 4 The circles and crosses represent the latent pericd

of the retinal action potential of the grasshopper plotted as a
function of the logarithn of the intensity with the duration of
exposure as a parameter. The curves ore the theoretical relation=
shlp betwcen latent period, intensity and flash duration given

by expresaions (17) and (27) of the analysis. The theoretical
curve corresponding to the experimenval points for 0.0l seconds
flash duration (crosses) has been omitted becouse it is so near
the curve for 0.1 second flash duration as to be almost indis-

tinguishable un & graph the size of the figure.
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The following is an analysis which correlates data of the type illustrated
in Fig. 2. The capital letters designate substances or factors and lower case
letters designate concentrations or magnitudes. We assume that the exposure of
the substance S to light produces o substance C. (Wald, 1951). Let the time

rate of converstion of S be given as follows:

This implies that the amount of 5 present is not eppreciably depleted during
i1llumination. Let N molecules of C follow from one of S. Assume thal the

concentration of C changes in accordance with the following expressien,

(2) _%‘. = bZ - K (C-(”)
wherel b' is proportional to Na., Let the concentration of C in the dark adapted
eye be ¢y. If the light is flashed on at t = o0 and off at t = tf then from (2)
it follows that, in the region in which S is transformed, the concentration of

C at a time equal to or greater than tg, is

T P /
(3) ¢ =c, 4 Z‘ZJ_'- (/- ~ X t;)_
If k = 0, that is if therc is no depletion of Substance C, equation (3) is
repleased by
W ¢=¢ + pT2,,
We assume that the magnitude of the voltage difference measured across the retina
is proportional to the logarithm of the retio of ¢ to cje This is expressed ns
followss .
5y [ 3 /o FI+LI'” //~C"K{;'y\7
v =2 g L <, K J
where £ is the voltage difference and O is a proportionclity constant. Formula
(5) expresses a relationship betwcen voltage, flash duration and light intensity
of the type shown in the plot of Fig. 2
I K i[: < < _7 expression (5) reducce to

|

© L o o0 [, b6 L2a]
E =« feg [/+ o
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Under the condition /(121 Lt we see from (6) that all curves of E
versus log te with I as a parameter are identical in shape since (6) shows that
E is constant if te 1s multiplied by any factor and I is divided by the some
factor, A constant amount of energy is regquired te produce a constant response
nagnitude, E. b It‘q
If, in addition - a T > j we chtain

(7)
</

that is, the relation between E and log tpe is linear in agreement with the

experimentel results of Fig, 2.
Now as the flash time increases, i.e., tr 2 % the concentration of C
approaches the equilibrium value given by the following
; p
(8) £= €, + ._-%—' ;

The expression for the response magnitude at equilibrium in terms of

voltage thus becomes

— —

(9)tzit/o //./. if‘.[.'
(7( 7/—-(}/——/

We note that if —é———;-—I— 77 -Z then (9) reduces to
A e,

; LT
(1(3)E = A /Oj_.,_)_'_l;

“,

This expression shows that for intensities such that the above inequality
is valid then for equal increments in log I the maxima of tho response magnitude
increase by equal increments of voltagc. However, (9) shows that for low in-
+ensities the increments between response maxima will dccrease to zercs It also
rollows from relation (5) that the bend in the curves of voltage versus log tg
111l occur at the same value of ty for all intensities.

The theory developed thus for has not included any appreciable depletion of
the substance 3; that is, the quentity, o, of expression (1) is a constant. The

inclusion of this factor intc the theory is readily achievad. It has the effect



of bringing the maxima of the response curves closer together cs the intensity
beccmes large and consequently moving the bend in the curves to the left. This
is in accordance with the higher intensity datsz of Fig, 2. It is, of course
necessary tco take account of the lowering of the concentration of the substance
S when considering the equilibrium response magnitude under conditions of pro-
longed illuninatien (Fry and Alpern, '46).

The curves superimposed on the grasshoppex eye data of Fige 2 are theoretical,
based on formula (5)s It is secn that only at the two highest intensities is
there a deviation of the theoretical curves from the experimental values and
the discrepency can be removed by taking into account the appreciable depletion
of the substance S.

The deviation between theory and data at the lower cnd of the curved portions
of Fig. 2 we believe to be caused by a secoad potential wave from the grasshopper
eye which dominates the electrical response at low intenslties and short durations
(see Figs 1)s The median ocellus of Limulus, which has a uniform sense cell
population, produces a response which exhibits no duality, thus indirectly
supporting our belicf,

The response magnitude data on Limulus ooellus can be correlated with
the same theory as seen from Figs 3. Theoreticel curves are shown supserimposed
on the somewhat meager experimental dota.

In order to compare the theory with experimental results it is necessary to
cvaluate the three constants,a, A and b/cl, appearing in relation (5). This
can be done conveniently as followse A4 set of experimental curves is drawn
*'rough the data graphed as in Fige 24 The quantity X 1s equal. to the slope
£ the linear portions of the curves of response magnitude versus log flash dura-
tior, Symbolicallya =24TE/A log tes The rote censtant K can be evaluated by
deternining the value of the flash duration, trg, (from the same curve) corres—
ponding to the transition from a linear rising porticn to the plateau region for
the intermcdiate intensity range., In practice the two straight lines are extended

until they intersect. The value of the flash dwration ccrresponding to this
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intersection point is related to the rate constant by the formula K ==l/tfo.
The value of D/cl can then be determined from hthe plateau value of the response
nmognitude for any cne intensity (excepting the highest intensities) by using
relation (9),

2. Latency

Next let us consider the latent period preceding thc electrical response
of the dark cdapted sense cells to a single flash of light, A typical set of ex-—
perimentaol data obtained from the eye of a grasshopper is designated by the
symbols in Fig. 4.

We will duivide the latency theory into two parts. The first analysis is
sufficient to yeild the cxperinmentally observed linear portions of the relation
between latent period and logarithm of the intensity. In order to explain the
asynmptotic approach to a finite latent period as the intensity becomes large it
is sufficient to introduce o factor into the analysis which acamnts for the
depleticn of the substance S, This is done in the second part of the analysis.

Consider that when substance S undergoes o transformation with light accord-
ing to relation (1) that a substance or factor, P, changes in accordance with
the fcllowing vrelationt
a4 P 4T
where n is proportional to the concentration of S and p is the cencentration or
magnitude of the factor Po It can be seen from (11) that it is assured that the
generntion of P is autocatalytic. If we assume that at £t =0 p =0 then one
obtaing the following solution to (11)

12) f’ ’-T_I./ 7.

4t the end of the flash, t = tg, and the magnitude of p at this tinme is
’ . ,'"/ ~ v
ang=tL febt - 27,

If the latent period is greater than the flash jtine the equation (11) is replaced
by

4

(14) j%é— - P

<y
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When t = tp, p is given by (13) and if we assume that at the latent time p has

reached some critical value p, one cbtains.
-

7!

15)’hz' Lt Ly
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for the relation between latent period, flush duration and irensity. If the

flash time is equal to or grecter than the latent period then relation (15) is
replaced by
hi h‘ﬂc +_1
) & "¢ = T .
Relations (15) and (16) are conveniently expressed as follows
{ 2 g ’) > ﬁPﬂ ’ - 7
an k¥ = (nto)log nh-< kL = (/n ) fog 1
For a constant flash time expression (17) shows that a linear relation exists

(18)*\#1 (/n /ﬁ) /0(7 ["“fé‘*f /7

between tL and log I for tf< tre When the quantity ¢ ~htf is small compared to

onc the latent period is independent of the flash time,

It is seen from formula (17) that the latent period varies only slightly
for rather large changes in the flash tine.

A comparison of the theory with experimental date indicates that the analysis
is in agreement with the data over the linear portion of the experimental reclation
but the data devictes from the linecr relation socner than the theery indicates.
The discrepancy is removed in the analysis which followss It is shew
asymptotic approach of the latent time te a value not zers at high intensities
can be associated with the appreciable depletion of the light sensitive substance
Se

Tho two constants h and pc/n appearing in formulas (17) and (18) are deter—
nined from the single linear relntion obtained from the expeyimental deta for
flash durations equal to or greater than the latent periods The slope m of
the linc ylelds n
(19) P = ’(//,;7 /o)//ﬁ .

The interoept Ii on the horizontal axis yields p,/n

)L, = S
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We will now modify the analysis for the latent period tc take account of the
appreciable depletion of the light sensitive asubstance S which occurs at high
intensities and long flash durations,

The expression (1) for the time rate of chenge of the concentration of S is
replaced by
) 5= —

At t=0 8= s, and the amount of S converted at any time is

- A1%),

(22) S (/= <
Expression (11) is then replaced by

§ —‘—{L = < "-A/ = - jf
] R

which becones

G4
(24) i‘;‘ ho+85So6 /e
Let
(25)550 6"0,
c 1 o (& can be written
Li_’i-/,:f'fnlyv(g»t, o ()
(25) 47

If we assume as before that at = 0 then the solution of (25) is

t i: )
wyp.r L [ehT e €T7]

b+ L
If tp =3 and p=p, ot ¢ —'tL we ob

ln.
en T, _lﬂ;z[pﬁf e - PILA j

—

7or low intensities (R7) reduces to (16) so that the linear portion of the
relation between t; and log I is unchanged. However, at high intensities
expression (27) rgduces to

(28) e W1, = Pf‘/{’g So -

which shows that the latency for Tp = t

@3 (s s

L approaches the asymptotic value
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An analysis for the case tfi(ﬁL can be carried out with sinmilse» resulta, How-
ever, for compnrison with the experimental datc en hand {29) suffices. Corparison
of the experimental data of Fige 4 with this analysis is given in Fige 4e One
calculoates the constant pcﬁféo from the Indicated asymptotic value of 4, at high
intensities and then computes tL from (27) for intermediate intensities. It 1s
thus seen that the depletion of the substance S ic sufficient to account for the
observed deviation from a linear relation for large intensities.

It is noted from Fig. 4 that the experimental data for the shortest flash
durations and lowest intensities deviate from the linear relation indicated
by the theory., This is probably associated with the difficulty of measuring the
latency from the tape records at low response magnitudes, As the mognitude of
the response becomes small the error introduced in determining the position on
the recerd at which a deviation from the base line occurs becomes larger and
tends to yield greater values of the time. This exylanation of the discrepency
between theory and daota was substantiated by observing that when the gain of the
amplifier system was made smaller (resulting in smaller cdeflections en the tape)
the deviation from linoarity occured at higher intensities and longer flash
durations,
3., Implications

The agreement between theory and fact in the case of the grassh
action potential may be considered as a strong indication for the existence of
two simultaneous coupling proccsses intermediate between the photochemical and
the electrical event in the retinae. The anelysis has been applied to the date
on the electrical response of the isolated median ocellus of Timulus and again
general agreement was found in the megnitude and latency (unpublished) relavions,
Prclininary observations suggest that the response of the latersl eye of Limulus
behaves in a manner similar to the grasshopper eye, and the characteristics of
other photoreceptors will be cxamined.

Recently, MacNichols, Wagner and Hartlinc (153) presented proof that the
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action protential produczd vy sense cells of the Limulus lateral cye generate:z
the nerve impulse trains in its axon. If the retinal actvion potential, in
general, plays the strategic role in peripheral vision indicated by the work of
Hartline und co=workers, then the Ycoupling" processes producing the retinal
action potential cssume a sufficlent degree of importcnce to deserve further
and intensive investigation.

Wald and co-workers have studied intensively the photochenistry of extracted
vortebrate rhodopsine Wald ('51) describes a photochemical cycle in which there
occur two transient substances, lumi-rhodopsin and metaerhodopsin, which have
o very short life at temperatures compatible with life, These substances could
play a significant role in peripheral vision, More recently (Wald and Brown,'52)
have demonstrated that rhodopsin, illuminated when in an amperonetric titration
cell, binds silver ionss Various lines of evidence led Wald to suggest that
the observed change in cencentration was caused by sulfhydryl groups, cuddenly
uncoupled by the action of light, absorbing cations in the solution being titrated.
The time characteristics of the current change were not indicated. An event of
this kind,; preducing on electrical change, could satisfy the theory pertaining
to the potential mognitudes What is not apparent at this time is hew the latency
of the response arilses,.

It is probable that the elucidetion of the potential generating mechanisn
in photosensitive cells may increase our insight into generater potential
phenonena within the nervous systonm and the living body.
4e Summary
l. The magnitude of the retinal action potential obtained from dark adapted
eye of grasshoppers is a function of the intensity and dwration of illumination.
The form of this rclation is consistent from one animal to another.

(2) The characteristics of the relation betwecen action potential and

intensity and duration of illumination are reasonably accurately

described by a thcory which assumes thatsi
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The light acts on o photosensitive substance S
producing a naterial U whose concentration manie

fests itself as an enf across the retina o«fter the
lapse of a latont period.

The time rote of prodwvation of C is proportional to

the light intensity and the rate of depletion is
proportionnl to the difference between the con-
centration of C 2t any time and the equilibrium
concentration in the dark adapted eye.

The maximum values of the enf generated are proportional
to the logarithm of the concentration of C after illum~

ination,

(b) The experimentally dctermined relation betwecen responsec megnitude

and logorithm of flash duration, fer any single intensity exhibits

the followings (i) a slowly rising phase at short flash durations

(ii) a lincer region at intermediate flash duration and (iii)

a plate

)

—
[a®)
~

au reglon as the flash duration increases further,

In the linear region and below, curves for different
intensities show theot a constant value of response

Incd for o fixed vaolue of the product
of intensity and flash dwation, This characteristic
is derivable from the hypothesis that C is generated

at a rate proportional to the intensity of illumino=
tion and that the enf acrcss the retina is proportional
to the logarithm of the concentration.

The nagnitudes of the response in the platcau region
(iece, long flash durations) are, for equal logarithnmic
increments of intensity, uniformly spoced et intor-
nmediate responsc magnitudes, compressed together at low

response magnitudes and also compressed together at
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high responsc magnitudes. The existence of the

]

plc

o

teoau regions is correlated with the depletion
process for the substance Co. The dato are quant-
itatively described by the theory except for the
compression at high response magnitudess To ex-
plain this compression it is sufficicnt to in-
clude in the thecory the dependcnce of the rate

of the initial photochemical process on the con—
centration of the light sensitive substance S,
which for high intensities and long flash dura-

tions, is apprcciably depleted during the flash,.

2., The latency of the retinal action potential is, for a single flash duration,

o linear function of the logarithm of the intensity over olnost the entire renge

of intensities used in the experiments. The latcncy is a relatively insensitive

function of the flash duration.

(a)

(b)

The characteristics of the relation between latency and intensity

and flash duration are accurately doscribed by a theory which

Veiava

assumes thats

(1)

(2)

(1)

The time rate of production of a factor or state P
whose magnitude determines when the electrical
response begins is proportional to the intensity
of illumination and is also autocatalytic.

When the magnitude of the factor P reaches sonme
critical value the electrical response begins.

The linear portion of the experimentally dectermined
relation between latent period and the logarithnm
of intensity for a constant fleshk duration is
accurately decscribed by the thecry based on an

autocatalytic rate process initiated by the light.
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The 1light sensitive substance 8 is not apprecicbly
depleted,

(2) The latent period varies only very slightly with
flash duraticn as the finsh durction becomes less
than the latent periods As the flash duration
further decreases the letent period changes more
repidly but still quite slowly compared to the
changes in flash tine, Thls characteristic of
the latency is quantitatively described by the
theory just mentioned,

(3) The oxpcrinental data show, for thc highest inten—
sities and longest flash durations, that the latent
period is no longer a linecar function of the log-
aritim of the intensity. As the intensity in-
creases the latency appears to approach a finite
non—=zero voalue. This aspect of the latent period
cen be explained by modifying the thecory to take
account of the appreciable deplction of the light
scnsitive substance S, which cccurs at high inten—
sities and long flash duration.

3. The characteristics of the retinal action potential obtained from the iso-
lated median occllus of Limulus are similar to the characteristics of the grass-

hopper responses and are in agrecement with the theory.
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III. {b) Retinal action potential = theory and experimentel results for the eye
of frog and Limulus.

The agreement between the two factor theory for retinal processes
and the dota obtained from the latent complex eyes of grasshoppers was found to
be satisfactory (see III a). To test the theory more vigorously it was decided
to examine the electrical behavior of the lateral eye of Limulius and the eye of
the frog. The experimental results are presented below and their correspendence
with the theory is indicated.

Methods
l. The conduct of the experiments with Limulus was essentially similar to the
grasshopper experiments (III b). The entire animal was mounted in a dark chamber
cortaining sea water through which oxygen was circulateds The temperature was

mointeined at 200C # 0.20C.

2, The conduct of the experiments on the frog eye deviated from the previous

experiments as followss
(a) the frogs were injected with d-tubocurarine, the dosage varying from

0,03 to 0,045 mg. per Kg wet body weight. This procedure was found necessary to
immobilize the animals,.

b} +the entire animal was mounted in a chamber contairing water, through
which oxygen saturated with water vapor was circulated.

(c) the temperature was maintained at 15°C f 0.20C, This low temperature
was selected to decrease the metabolic rate of the curarized animals and to pro-
long the effects of the drug.

(a) the active electrode was a emall pipette with a tip of about O.2mm and
filled with agar made up in amphibian Ringer'!s solution, The electrode was
inserted into the vitreous through a hole in the sclera just behind the iris

toward the anterior side of the pupile The inactive electrode consisted of a

wick laid on an exposed dorsal portion of the eyeball.



Results

{a) The relation of magnitude ef the retinal action potential to the intensity
and duration of the light stimulus.

1. The jateral eye of Limulus.

The results of one evperinment with the lateral eye of Limulus are
presented in Fig. 5. The megnitudes of the retinal action potential (dots) are
plotted as a tunction of the common logarithm of the duration of the light stimulus,
for different values of intensity. The data constitute a family of curves, 4t
the intensity 1 = 10"6, only one response was recorded. The continuous lines
on the pgraph represent the theoretical prediction. The dashed line connects
one set of data which are not yet adequately predicted by the theory., Five ex-
periments have been performed on the latersl eye of Limulus, all yielding
essentially the same result.

2s The eye of the froge

The curarized frog preparation at 15°C and in an atmosphere of
oxygen will remain immobilized about 24 hours. Supplementary injection of curare
wes attempted but was discontinued because of variations in resperse character-
istics subsequent to injection. Consequently, two sets of data from fregs are
presenteds In Fige 6 the response magnitudes of the frog eye tc flashes of low
intensity are presented, plotted as a function of the common logarithm of the
flash duration. The dots represent experimental data and the continuous lines
the theoretical prediction, The dashed lines have been drawn through points
which are not predicted by theorys. In Figs, 7 the response magnitudes of the
frog eye to flashes of higher intensity are presented, the data plotted as in
Fig. 6. The dots represent the experimental findings, continuous lines are
thecretical and the dashed lines connect data not acdequately oovered by the theorye.
Tleven experiments have been performed on curarized frog eyes; all yielding

essentially the same results.




(b) The relation of the latent period of the retinal action petential to the
invensity and duration of stimulation,
1. The lateral eye of Linulus
The latent periods obtained in one experiment are presented in
Fig. 8, plotted as a function of the common logarithm of the light intensity,
for different valiues of flash durations The dots represent experimental firnd-
ings, the lines represent the theoretical prediction. Latent periods obtained
in other experiments show similar relationships to intensity and flash duration.
2+ The eye of the froga
The latent periods obtained in two frog experiments are presented
in Fig. 9, plotted as « function of the common logarithm of the light intensity,
“or different flash durations. The dots represent the expsw»imental findings
and the lines represent the thecreticel expectations. Results fron all other

frog experiments are sinilar,

Discussion
1. The retinal actlen potenticl megnitude.

The following fcrmulae were employed to compute the theoretical
predictions:

1) E = * log :i ‘ 2%%?;}, for the curved rising phase of the
magnitude vs. loglo flosh duration curves., In this equotion © represents the
magnitude (in millivolts) of the retiral action potential; I is the relative
intensity; te is the flash durection; o 1e a constant computed from the slopes

of the linear portion of the data and

o lo

) is a constant computed from the inter-
ccpvs on the x~axis of the linear porti;n cf the date.

2) E = 1leg D%ES , for the linear rising phase of the magnitude
¥8, loglo flash duration curvei.

3) E mk loglﬂi # %IK';, for the plateau region of the response
- 1K |

nagnitude -logyy flash duration curves, The censtant X 1s equal to the reciprocal



of the flash duration where the rising phase of the response curve intersecis the
pleateau curve for the same intensity.

The contirnous lines in figs, 5, 6 and 7 represent the predictions
based on equations 1, 2 and 3. The dashed lines represent data which is not
predicted by the current form of the theory. The deviation from theory is two-
fold; first, the slope of the rising phase of the response curves for high
intensities (I = 100 for the Limulus eye, and I = 102 for the frog eye) have a
slope significantly lower than the slope of the curves for lower i-~tensities;
secondly, the increments in the plateau magnitudes for equal increments of I
decrease much more rapidly than the theory predicts. The latter deviation was
also apparent in the grasshopper data (III a). Extension of the thecry relating
to potentlal magnitude teo include the depletion of phetosensitive material in the
rhotoreceptor during the incidence of a flash of light, led to an approximation
which satisfactorily accounted for the reduction in plateau increments. A
rigorous extension of the theory is underway and, .2en complete, will be tested
in terms of the high intensity data from frog and Timulus eyesas

Comparison of the response magnitude characteristics of the grass-
hopper, horseshoe crab and frog eye indicates the following: 1) the characteristics
of the two compound eyes, grasshopper and horseshoe crab, are quite similar;

2) the characteristics of the frog eye differ considerebly from either the
grasshopper or the Limulus eye in the following respects: a) the plateau nag-
nitudes obtained from the frog eye shows compression at intensities that are stiil
relatively low (I = 10~°) compared to the grasshopper and horseshoe crab, and

b) the eritical duration, i,e, the shortest flash duration which will elicit the
maximal response for any given intensity decreases rapidly as the intensity in-
creases (Fige 6). The long critical durations at low intensity enables the
vertebrate photoreceptor to produce responses of greater magnitude than the
compound eye under similar circumstances. Conceivably, this may make the frog

eye a better light detecting device than the compound eye under conditions of

low illumination,



2s The latent period.

The following formulae were used to compute the theerstical

predictions,
hPe
4) hth = 1n T e.ntgjm 1n I, for the linear portion of the

data. In this equation, ty, is the latent peried, t, the flash duration, I is

the intensity, Pc is the critical concentration +f factor P, which permits the
response te occur, h ond n are constants. The constant h is determined from the
slepe of the line connecting the data for flash duratinn of 0,1 secs The ccnstant
EEE is determined from the intercept of the above line with the x axis.

5) pe ==7T;;§?I ehly - e”iItL s for the curved portion of Fig.9.
The symbols as in equntion'A and ?iis an additionel constant, Qiis egaluated from
the estimated asymptotic value of the latency =leg I curve for flash durations
of 0.1 sece at high intensity.

The ogreement between thecry and fact is satisfactery. The data
obtained from the frog eye deviate sharply from the predicted value at low
intensities and short flash durations. This deviation may perhaps be attributable
to low respense magritudes and attendant difficulties in making accurate
measurements of the latent period,

The gquestlion arises whether the critienl flash duration might
not be related to the shortest latent periods recorded for any given intensity,
i.e. whether only the light incident on the receptor during the latent period
night affect the respcnse magnitude. Comparisen of the critical flash durations
and ninimal latencies at correspending intensities shows that there is a high
degree of correspondence in the Limulus data, but no apparent correspondence in
the data from the eye of the grasshopper or the eye of the frag., We conclude,
therefore, that the critical duration is independent of the latent period and
dependent upon the intensity and the rate of the depletiocn reactien for the

electro~motively active material.
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ITT ¢ The effect of temperature upon rctinal processes,

According to the theory pertaining to the retinal actien potential
mognitude, the critical flash duration and the plateau mngnltude is dependent
upon the intensi*v and rate of the reaction causing the depletion of the elect—
romnotively active material,

Agcording to the fsrmula

6)5“%:15['/((2-*,(/\), since E—-;(?(XL'?;‘/;(‘)

if we maintain I constant and vary the rate of the reaction K(c-c we should

l)’
be able to affect the plateau magnitude; if the rate of the reaction is decreased,
the plateau magnitude for constant I should increase; if the reaction rate is
‘wereased, the plateau nagnitude should decrease for the same value of I, One
cof the easlest and perhaps most physiological ways of manipulating reaction rates
13 by varying the temperature of ccld blooded organisms. Such temperature ex-
periments form the subject of this section.

Method

The temperature experimentis were performed on intact grasshoppers;
using the technique described in III a. Tcmperature was maintained at 10°C,
27°C and 309C for periods long ensugh to obtain a complet: series of results.

At any level the temperature was ccnstant within 1 2,20C,
Results
ls The retinal action potential megnitude,

The results of the temperature studies are exemplified by the data
~f Fig. 12, Here response nagnitude is plotted as a function of the commen
logarithm of the flash duration, for different temperatures. The intensity was
h21d constant at I = 17~<, The magnitude data In the rising phase were suf-
ficiently similar that a single curve was drawn to describe the results at all
three temperatures. The plateau values were significantly different, zs shown.
The best line was drawn thrcugh the plateau values for each temperature and was

purposely extended to intersect with the rising phase of the curve.



The constent X of equetion 6 {(and also of equation 3) is equal
to the reeiproecal »f the Flask duration at the intersection of the rising 1linb and
plateau limb of the rospnnse curve. Tha comnen logerithn of k wee deternined and
this value.was plotted us a funetion of the.reeciproeal of the absolute tenperaturs
{sce Tcble 1), Fren the slope Af the resulting curve the astiivoticn energy for
trc depletion rercilen was found to be 12,010 cal,
Table 1
The common logarithm of the ccnstant K for 3

different temperatures and two intensitl:s of
stimulation, Shown also is the computed heat of

activation,
Tenperature 1 I = 10"2 I = 100 A E
t oC Tabs, log X leg X
1G° 3,54x102 0494 1,30 1,162x104 I=10"%<
,» 20° 341x10~3 1.30 1.65 1.2/ x104 1=10-0°
| Average
300 3,3 x10™3 1.60 1.90 1.201x10% cal,

Six other oxveriments on grasshoppers at different temperatures
have glven essentially the same resultss A set of data similar to the above was
obtained using an intensity, I = 10°, and log K was determined. (Table 1). The
activation energy obtained from this plot was found to be 12,400 cal,

The average energy of activation was found te be 12,010 calories,

2. The latent pericd.

The dependence of latent pericd upon the temperature is indicated
in Table 2 and 3. Values of latent periéd are presented for two intensities of
stinulaticne Three experinents were perfcrmed at each intensity, one each at
10°, 200 and 30°C. At each temperature the latent periods are given for responses
to four flash duraticn,.

The average temperature coefficient was computed over the range
10-206°C and over the range 20-30°C, for each intensity. (See tables 2 and 3),

The overall average QlO for the latent perind is 3.24.

e



Table 2

Values of latent period in seconds, as functions

of fliash duratisn end temperature, at relative
intensity = 107

1 Average
Temperature 104 10~3 172 10" Q0
1c° 00147 0,120 €104 0,086 oy
200 0,037 0.035 7223 0,022
. i 2227
300 0.018 0,012 0,711 B0l
Table 3

Values of latent perioc in seconds, as functicns
of flush duration and tomperature, at relaotid

intensity = 10°

L . Average

Temperature 19 1573 16-2 10-1 Qe

10° 0,084 0,066 0.04 0,040
4,06

202 0022 0,914 0,012 0,010
RalR

300 05009 OoCCé C0005 QGOO!\'

Discussion

1. Magnitude,

The behavior of the retinal action pctential in the fase eof
ltered temperature is exactly as predicted by the theory. During the rising
shase of the response curve, when the magnitude is controlled cnly by the in-
tensity and flash duration, tenperature has no effect on the response magnitude,
This may be interpreted to mean that, during the rising phase, the magnitude is
dependent only upon the rate of a photochemical reaction, whose vewperature

coefficient is one. In the platenu regicn, the response magnitude is determined



by the intensity of :llumination and by the rate of decay of the material, e,

If the decay reaction is *“hermolabile, then the plateau magnitude should be
affected, but in a most extroordinary way. A reduction in temperature should
produce an increcse in the megnitude of the potential ond ~r incresse in the
temperature shouwld produce a reduction in potentiol magnitude, The experimental
results verify these predictions.

The activation energy ccmputed from the changes in the velocity
constant, K; of 12,010 calories represents a value typical of many biologicsl
recctions,

2+ Latency.

The nagnitude of the latent period at constant stimulating
energy varles inversely with the terperatures When the temperature increases
the latent pveriod decreased and vice versa. The overall Qo for the latent
serind, over a temperature range 10° to 30°C, of 3.24 suggests that the reaction
controlling the lctent perind is a thermolabile chemical reaction. The theory
concerned with the latent period suggests that the latent period controlling
reaction is an autocatalytic reaction, a suggestion in general agreement with
the observed temperature effects,

The independence of thc potential magnitude (rising phase) and
the dependence of the latent period upon teaperature is indirect suppert for the
dual nature of the theory developed in III a, OClearly, the disparity in the
temperature lability excludes the sane reaction controlling both retinal action

potentinl nagnitude and its latency.
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Fig. 5 The response mognitude (millivelts) of dark-
adapted lateral Limulus plotted as a function of the
common logarithm of the flash duration. The relative
velves of intensity arc given to the right of the
figure. The dots represent the experimental fing-

ings and the continuous lines represent the theorctical
prediction.s The dashed line cornects a set of points

which are not adequately predicted by the thcor; .



NOILVENT HSv14 P9on
0 [ - 2- ¢-

S Dixe

T T ' ..
\\\li'.

g-Ol

m-O_TQ..II.. .

V..O_ Q.ai'lllll'..ll

ALISNILINI 3AILVI3Y

i
@
O

|
N

|
L

L
£
N

-~
g
-

NO -

36

SLTOANMTIW - 3N LINOYW



Fig, © The response magnitudes of the dark adapted
frog eye plotted as a function of the commnon log-
arithm of the flash duration. The relative values

of intensity are given to the right of the figure.
The dots represent the experimental findings and the
continuous lines represent the theoretical predicticne
The dashed line connecte points which are not

adequntely predicted by the theory.
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Fige 7 The response magnitudes of the dark adapted
frog eye plotted as a function of the common log-
arithm of the flash duration., The relative valucs
of intensity are given to the right of the figurc.
The dots represent the experimental findings and the
continuous lines represent the theoretical predic-
tion. The dashed line connects points which are not

adequately predicted by the theory.
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Fige 8 The latent periods of the retinal action
potential obtained from the lateral eye of Limulus,
plotted as a function of the cornon logarithn of the
intensity, for different vnlues of the flash duration.
The dots represent experinental orservations and the

continuous lines represent the prediction of the

theory.
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Figs 9 The latent perlods of the retinal action
potenticl obtained from the eye of the frog,
plotted as a function of the common logarithm of
the intensity, for different values of the flash
durations The dote represent experimental observa-
tions and the continuous lines represent the pre-

diction of the theory.
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Fig. 10 The response magnitude obtoined from the
lateral eye of the érasshopper, plotted as a func-
tion of the common logarithm of the flosh duration,
for different temperatures. The curves Were
arbitrarily drawn to represent the hest fit and the
plateaus were purposely extended to jntersect the

rising portion of the curves.
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